Abstract-This paper reports a feasibility study, performed by numerical simulation with MCNPX-PoliMi v2.0, for plutonium quantitative assessment in radioactive waste packages by passive neutron coincidence counting with plastic scintillators. Owing to their low cost and good detection efficiency for fast neutrons, plastic scintillators could indeed constitute a good alternative to 3 He proportional counters, which have become too costly because of 3 He global shortage. However, their high-sensitivity to gamma rays and crosstalk are well-known drawbacks that need to be carefully studied. A measurement system for 118 L drums filled either with metallic or organic technological wastes have been modeled with MCNPX-PoliMi, and output data have been processed with ROOT. A 5-cm-thick lead shield is used in front of the detectors to attenuate plutonium and americium gamma radiation. In the studied cases, triple coincidences due to 240 Pu spontaneous fissions represent more than 85% of the total signal when using crosstalk rejection algorithms, the 15% remaining coincidences being due to parasitic coincidences caused by (α,n) reactions or Am and Pu gamma rays. Although crosstalk rejection significantly reduces counting statistics, a few thousand triple coincidences are still recorded for 1 g of Pu homogeneously distributed in both metallic and organic matrices in a 25 min acquisition. For higher masses of Pu, a linear evolution of the number of coincidences with the mass is observed up to about 10 g. In addition, a study of Pu localization effects has shown that the triple coincidence difference is smaller than 20% between a point-like fission source and the homogeneous distribution in the drum.
I. INTRODUCTION
I N THE fields of safeguards, of criticality control of nuclear processes, of dismantling of nuclear facilities, and of radioactive waste characterization, the quantification of nuclear materials is essential. In usual passive neutron coincidence counting (PNCC), this goal is achieved by recording coincidence pairs induced by spontaneous fission (SF) using 3 He gas counters, which are very sensitive to thermalized neutrons but not to gamma rays up to a dose rate around 0.1 Gy.h −1 [1] . However, due to 3 He gas global shortage, the cost of these detectors has become prohibitive, which has motivated research programs to find alternative detectors [2] . Liquid organic scintillators are interesting, since they allow neutron-gamma pulse shape discrimination (PSD) [3] . However, since PSD exploits scintillation photons that form the pulse tail, at high count rate, pulse pile-up can decrease the PSD figure of merit. Also, PSD scintillators are expensive and using a large amount of scintillation liquid in a 118 L waste drum PNCC would be almost as expensive as 3 He detectors. In contrast, standard plastic scintillators allow very fast counting and covering a large detection surface at reasonable cost. Note that plastic scintillators with PSD capabilities have been recently developed and used in safeguards applications [4] , [5] , but as for liquid scintillators, their use for PNCC of radioactive waste packages would require a large number of small detectors, making again the system costly, and would also be limited in terms of count rate (to maintain acceptable PSD features).
Our previous work has shown that plutonium could be measured by PNCC in 118 L technological, metallic waste drums using basic EJ-200 plastic scintillators, without PSD capability, but shielded by 10 cm of lead [6] , [7] to protect against most of the gamma rays coming from the waste. A characterization of crosstalk occurring in these plastic scintillators has also been presented, showing that most of crosstalk-induced coincidences imply two pulses separated by less than 20 ns and 20 cm between neighbor detectors. Using a 10-cm lead shield allows neglecting gamma rays emissions with a comfortable margin. However, the measurement cell mass exceed the maximum mass allowed in some of the facilities in which PNCC is foreseen.
Taking into account this practical constraint, we thus report in this paper further numerical simulation using a thinner, 5-cm lead shield, in an attempt to limit the weight and the cost of the system. Using a thinner, lead shield also increase the number of coincidences and reduce counting statistics uncertainties. Parametric studies are performed by varying the nature of the waste matrix (organic or metallic), the mass of Pu, or studying the impact of Pu localization 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. inside the drum, which was not done in [7] , considering no other neutron/gamma emitters than plutonium and americium (i.e., no trace of fission or activation products). Crosstalk rejection is also studied, consisting in freezing the close neighbors of a primary-triggered detector during 10 ns. In this way, coincidences due to neutron or gamma scattering in adjacent scintillators can be discarded. The difference of composition of triple coincidences in terms of neutron and gamma-ray pulses, before and after crosstalk rejection, is also analyzed to better understand the effect of crosstalk rejection.
II. NUMERICAL SIMULATION
A standard 118 L technological waste drum is homogeneously filled with a 0.5 g.cm −3 stainless steel matrix, or with a 0.2 g.cm −3 cellulose matrix. The low density of the metallic matrix represents an average value for a drum containing metallic components, occupying a small volume. A 5-cm-thick lead screen surrounds the drum to limit the gamma-ray flux coming from radioactive decays of Pu and 241 Am and reaching the detectors, compared to the 10-cm-thick lead screen considered in [6] , and [7] . The detection system is composed of 19 plastic scintillators, as shown in Fig. 1 . The vertical detectors are 20 cm wide, 10 cm thick, and 100 cm high. The top and bottom horizontal detectors show the same width and thickness, but they are 83 or 57 cm long, depending on their position.
A typical plutonium isotopic composition with a large fraction of 241 Am (radioactive waste with a long storage period) has been modeled, see Table I , in order to take into account a large background in terms of (α,n) reactions. Three sources of events are modeled with MCNPX-PoliMi [8] . This allows us to simulate correlated neutron-gamma emissions [9] , as would appear in radioactive materials, see Table II . The first source is a 240 Pu SF source that emits prompt fission neutrons correlated with prompt gamma rays. The second source is an AmO 2 (α,n) source that emits a neutron correlated with gamma rays consecutive to the de-excitation of the daughter nucleus, such as the 1634 keV line of 20 Ne or the 2438 keV ray of 21 Ne. The third source is a gamma-ray source that takes into account gamma emissions after alpha or beta disintegration of Pu and Am isotopes, which was not the case in our previous study with a 10-cm-thick lead screen [7] , as they were totally absorbed. In order to limit the computation time, photons susceptible to be strongly attenuated by the 5-cm lead shield, i.e., with energy below 200 keV, have not been modeled. Note that this third gamma source emits single (uncorrelated) photons, which can, however, produce coincidences due to Compton scattering between different detectors (crosstalk). One calculation is performed for each source with MCNPX-PoliMi to create three sets of histories associated with: 1) 240 Pu SF correlated particles; 2) AmO 2 (α, n) correlated neutron and gamma particles; and 3) pulses due to the uncorrelated gamma source. Postprocessing algorithms have been developed with ROOT data analysis software [10] to produce realistic pulse trains. For all pulses related to the same source event, which by definition belong to the same history, a macroscopic time offset is sampled between 0 and T , T being the total acquisition time (minutes or hours), and added to the MCNP-PoliMi time (nanoseconds) of the events. In this way, all histories are made to happen randomly during the whole measurement time, which allows creating random coincidences. Fig. 2 illustrates that the way pulses from different sources are mixed, allowing random coincidences to happen. Within the 100-ns time gate triggered by a pulse recorded in any detector, other pulses are searched in the other detectors, allowing in this way to identify coincidences of multiplicity one (i.e., doubles), two (triples), or three (quadruples) when one, two, or three other scintillators have been triggered. Such coincidence counting is performed for the randomized pulse train, but also for each history related to the different sources, which allows us to estimate the proportion of accidental coincidences. In order to limit the contribution of crosstalk, calculations are also performed by rejecting the pulses of the closest neighbors over 10 ns, because crosstalk events involving photons and neutrons mostly occur in this time range [7] .
III. RESULTS AND DISCUSSION
Tables III and IV present the number of coincidences recorded for the metallic matrix, without and with crosstalk rejection, respectively, and Tables V and VI for the organic matrix. In addition, Figs. 3 and 4 present the composition of real triples of 240 Pu and (α, n) reactions of AmO 2 in the metallic and organic matrices, respectively.
Although crosstalk rejection penalizes the counting statistics, it significantly improves the fraction of doubles and triples due to Pu SFs, with respect to those due to (α, n) reactions, as can be seen when comparing Tables II and  III for the metallic matrix, Tables IV and V for the organic matrix, and in further Table VI as a function of Pu mass. And even after crosstalk rejection, the number of triples remains quite large, i.e., more than 7000 in Table III for the metallic matrix, and close to 2000 in Table V for the organic matrix. By comparison with a 10-cm-thick lead screen, the number of triple coincidences after crosstalk rejection was 2400 for the metallic matrix and less than 400 with the organic matrix [7] . These differences on statistics of a factor of 3.5 and 5 for metallic and organic matrix, respectively, are due to the lower gamma-ray attenuation and the better detection efficiency of neutron by the 5-versus 10-cm lead shield. Indeed, prompt fission gamma-ray pulses constitute a significant part of Pu triple coincidences as shown further in Figs. 3 and 4 . Also, neutron detection efficiency of the system with an empty drum has been estimated to be 23.9% with a 5-cm-thick lead shield and decreases to 18.3% with 10 cm of lead, since neutrons can scatter in the lead and lose enough energy to fall below the 100 keV detection threshold. Given that detection efficiency of triple coincidences only composed by neutrons ("nnn" coincidences, as explained further) is proportional to the cube of the neutron detection efficiency, the 30% increase of the neutron detection efficiency improves the statistics of triple neutron coincidences by about a factor 2.
The selectivity of the method to Pu, with respect to AmO 2 or other possible sources of correlated (α, n) neutrons and gamma rays, can be assessed by the fraction of triples due to SFs of 240 Pu in the total amount of triples. For the metallic matrix, it can be calculated from Table III that this ratio is larger than 95% and, after crosstalk rejection, one can see from the data in Table IV that this ratio increases to nearly 100%, triples due to (α, n) reactions being almost entirely rejected. The same effect is observed for the organic matrix: in Table V , the ratio is larger than 87%, and it approaches 100% in Table VI, after crosstalk rejection, which was also observed with a 10-cmthink lead screen [7] . Equivalent performances in terms of Pu selectivity can hence be obtained even by reducing the amount of lead surrounding the drum, because crosstalk rejection allows eliminating a strong amount of coincidences due to gamma-ray crosstalk. Uncertainties presented in Tables III-VI are counting statistics of coincidences recorded with MCNPX-PoliMi calculations. Experiments are underway to validate the performances, which will also allow estimating other causes of uncertainties related to simulation biases due to modeling geometrical simplifications or nuclear data by performing a calculation versus experiment comparison.
Analyzing the nature of triples associated with independent histories allows us to better understand the impact of crosstalk rejection for each matrix. As presented in Fig. 3 , a major part of real triples of 240 Pu in the metallic matrix is constituted by three pulses of correlated fission neutrons (the so-called "nnn" coincidences), which do not lose much energy while traveling through the matrix, and thus are still detectable by plastic scintillators. By comparison, Fig. 4 shows a higher proportion of γ nn and γ γ n triples for 240 Pu in the organic matrix, since it partially moderates the fission neutrons. Indeed, the low-energy electronics threshold used in the simulations is 100 keVee, thus rejecting neutrons with energy lower than 670 keV. One can note that γ nn and γ γ n coincidences involve fission prompt gamma rays with a high energy (several MeV) crossing both the organic matrix and the 5-cm lead shield.
Concerning parasitic triples induced by (α, n) reactions, gamma pulses are logically more numerous (γ γ n and γ γ γ coincidences) in both matrices, because no correlated neutrons are emitted by the source contrary to SF. Although some coincidences can be produced by inelastic scattering (n, n'γ ), or by (n, 2n) reactions in lead, most of triples are due to gamma crosstalk involving a capture gamma ray of hydrogen, or an energetic gamma ray emitted by the excited daughter nucleus of the (α, n) reaction, the AmO 2 source of MCNPX-PoliMi emitting prompt gamma rays in correlation with the (α, n) neutron, as explained in Section II, such as the 1634 and 2438 keV lines of 20 Ne and 21 Ne, respectively. Concerning radiative capture, fast neutrons thermalized by elastic scattering on hydrogen nuclei of plastic scintillators, can finally be absorbed by (n, γ ) reactions. Doubles or triples can then be produced in close detectors by the capture gamma ray of hydrogen (2.225 MeV), due to Compton scattering or to correlated 511-keV annihilation photons, following pair creation. Note that these pure gamma coincidences occurs after the moderation of the original (α, n) or fission fast neutron, which can last up to a few milliseconds. After such a long time, they are no more correlated with the original fast neutron interaction that opened the 100-ns coincidence window, and therefore they appear as independent gamma coincidences, the pulses of which being detected within a very short time (less than 1 ns). The crosstalk rejection process consisting in freezing neighboring detectors during 10 ns efficiently discards such coincidences. Note that in Figs. 3 and 4 , the triples due to crosstalk of radiative capture gamma rays are not taken into account. Indeed, only the particles detected less than 100 ns after the first pulse are taken into account for these plots. In the rest of this paper, however, coincidences due to capture gamma rays have been recorded, i.e., in any table or figure other than Figs. 3 and 4 .
It can also be deduced from Tables II and III that, for the metallic matrix, crosstalk rejection reduces the counting statistics on 240 Pu triples by 37%, while the reduction is much larger, 93%, for the AmO 2 (α, n) source. In the organic matrix, the respective reduction proportions are 56% and 97%, as deduced from Tables IV and V. For both matrices, this efficient reduction of AmO 2 triples is mainly due to the large suppression of γ γ γ triples, as can be seen in Figs. 3 and 4 . Before crosstalk mitigation, the largest part of triples recorded with the (α, n) source was indeed due to gamma crosstalk.
IV. INFLUENCE OF PLUTONIUM MASS
In order to study the linearity of the PNCC response and the possible impact of accidental coincidences, or neutron multiplication effects, the study has been extended to Pu masses ranging from 0.1 to 100 g. We study only the effect of Pu mass, using the MCNP-PoliMi AmO 2 alpha-source, thus considering plutonium in the PuO 2 form, neglecting the (α, n) contribution due to 240 Pu. The evolution of the number of coincidences as a function of Pu mass is reported in Fig. 5 , showing a nonlinearity of triples for large masses above 50 g, relatively to the linear trend deduced from triples related to the plutonium masses between 0 and 5 g, which can be explained by induced fissions. For the maximum Pu mass of 100 g, the excess of coincidences is about 9% for the metallic matrix, and 32% for the organic matrix in which more induced fissions occur. After crosstalk rejection, it reaches 12% and 44%, respectively.
Concerning counting statistics uncertainties, all calculations are made here with a constant product of Pu mass and acquisition time, i.e., with a similar counting statistics. For instance, a long acquisition time of 15,000 s is simulated for the 0.1-g Pu mass, while a short acquisition time of 15 s is used to limit the processing time for the largest Pu mass of 100 g. Note that the curves for quadruples are not reported because of large counting statistics uncertainties, especially after crosstalk rejection.
As discussed in the previous section with 1 g of Pu, the selectivity of the method to Pu, with respect to AmO 2 or other possible sources of correlated (α, n) neutrons and gamma rays, can be assessed by the fraction of triples due to SFs of 240 Pu among the total amount of triples. Table VII shows that this fraction can be improved by the crosstalk rejection algorithm consisting in freezing the close neighbors of a primarily triggered detector during 10 ns, but beyond 10 g of Pu it is no more possible to reach about 100% of useful triples, i.e., to reject almost entirely parasitic coincidences. This is due to fissions induced by (α, n) neutrons, which create coincidences that are logically not discarded by the crosstalk rejection algorithm, because they are similar to useful SF coincidences.
V. INFLUENCE OF PLUTONIUM LOCALIZATION
The effect of Pu localization has also been studied for three point sources as shown in red in Figs. 6 or 7, in which the ring reflects the trajectory of an external point source inside a drum in rotation during acquisition. Compared to the reference homogeneous repartition, the number of triples and the proportion of useful Pu coincidences are not very sensitive to Pu position, whether for the 0.5 g.cm −3 metallic matrix or for the 0.2 g.cm −3 organic matrix. This result was expected for the metallic matrix, which does not significantly slow-down SF neutrons, but it is better than expected for the organic matrix, which is sufficiently light such that it does not moderate neutrons in a great extent. On the other hand, as already observed for the homogeneous distribution, crosstalk rejection allows removing almost entirely triples due to (α, n) reactions in both matrixes.
VI. CONCLUSION
Simulations show that plastic scintillators can be used to measure plutonium by PNCC in radioactive waste drums filled with metallic or organic technological wastes. A 5-cm lead screen is used in front of the detectors to cut most of the gamma rays emitted by the waste. Crosstalk rejection algorithms consisting in paralyzing the two closest neighbors of a primary triggered detector, during 10 ns, increases to nearly 100% the fraction of Pu triples among the total number of triples. Indeed, the triples due to (α, n) reactions are composed of a majority of gamma pulses (mainly γ γ n or γ γ γ coincidences), following gamma crosstalk. Crosstalk rejection allows suppressing almost entirely this parasitic contribution with a 5-cm lead screen, as already observed with a 10-cm lead screen [7] . In addition, although crosstalk rejection significantly reduces the number of 240 Pu SF triple coincidences, from nearly 40% in the metallic matrix to 60% in the organic one, this useful signal remains larger than 7000 counts for 1 g of Pu homogeneously distributed in the metallic matrix, after a 25 min measurement, and drop to 2000 counts in the organic matrix due to the presence of hydrogen. This latter matrix further reduces counting statistics because hydrogen nuclei moderate part of fission fast neutrons, making them undetectable by plastic scintillators. Nevertheless, these number of coincidences obtained with a 5-cm lead screen are significantly higher than that with the previous 10-cm lead screen, by a factor 3.5 and 5 for the metallic and organic matrixes, respectively, indicating the influences of gamma rays in triple coincidences and of thickness of lead screen on the neutron detection efficiency.
The linearity of the system has also been studied up to 100 g of Pu. For a few tens of Pu grams, the multiplication effect due to induced fissions generates additional coincidences, making the relation between the signal and the Pu mass no more linear above 50 g. The resulting overestimation of the Pu mass, after crosstalk rejection, would be about 12% for the maximum Pu mass of 100 g homogeneously distributed in the metallic matrix, and 44% in the organic matrix. We are currently studying the way to estimate the fraction of induced fission coincidences, for instance by analyzing the pulse train on the μs scale, instead of only coincidences in the 100-ns time window.
Finally, we have also studied the effect of Pu localization in the waste matrix. A maximum 20% difference is observed on the number of triples between the homogeneous distribution and a point source placed in the periphery of the drum, for both the metallic and organic matrixes.
An experimental validation of the method has been undertaken with 10 cm × 10 cm × 100 cm plastic scintillators and a 118 L mock-up drum filled with 252 Cf and AmBe sources, or with Pu samples, and different metallic (small iron hollow tubes) and organic (small wood pieces) matrices.
